The present study is devoted to co-deposited Ag : BN nanocermet thin films and is focused on the influence of ion irradiation conditions on their structural and linear optical properties. Ion irradiation was performed in situ during the growth of the nanocermets using a 50 eV assistance beam (nitrogen/argon or nitrogen-ion assistance) and ex situ on as-grown films using a 120 keV argon-ion beam (post-irradiation). Grazing incidence small-angle x-ray scattering measurements show that (i) as-grown N-assisted films contain prolate spheroidal clusters (height-to-diameter ratio H/D ≈ 1.8), (ii) N/Ar-ion assistance leads to the formation of more elongated clusters (H/D ≈ 2.1) and (iii) post-irradiation leads to a decrease of H/D to a value close to 1. These results are discussed on the basis of atomic diffusion processes involved during the growth of the nanocermets and during the post-irradiation. The optical transmittance spectra of these films measured at normal incidence display one absorption band, due to the excitation of the (1,1) plasmon mode of the clusters. In the case of the as-grown films, an additional band appears at oblique incidence for P-polarized light, as a consequence of the excitation of the (1,0) plasmon mode of the clusters. Our results show that the spectral position of the absorption bands (which can be tuned in the 400-600 nm range) depends on the H/D ratio of the clusters, in good agreement with calculations of optical transmittance considering the nanocomposite layer as a uniaxial anisotropic medium whose dielectric tensor is described by an anisotropic Maxwell-Garnett model.
Introduction
During the past decades, a large number of studies have been devoted to nanoclusters, which are interesting building blocks for technological applications in chemistry [1] , medical sciences [2, 3] or material sciences [4] [5] [6] [7] . Indeed, the small size of these clusters is responsible for their singular physical properties, which are different from those of the bulk materials. In particular, noble metal nanoclusters exhibit a surface plasmon resonance (SPR) phenomenon, which is responsible for a strong absorption of light [8] and an enhancement of the electromagnetic field around the clusters in the visible range [9] . Free functionalized clusters can therefore be used as selective markers to increase the sensitivity of fluorescence biological analysis [10] . Nanoclusters can also be embedded within ceramic matrices to form composite materials. These materials, also called 'nanocermets', display a strong absorption band [8] and ultra-fast non-linear effects at the plasmon resonance [11] , which make them potential candidates for the realization of opto-electronic components.
The linear and non-linear optical properties of nanocermets depend on the nature of their components, as well as the size, shape and organization of the clusters [8, [12] [13] [14] [15] . In order to synthesize materials with the desired properties, it is indeed of prime interest to control these parameters, which are related to the elaboration or post-treatment conditions of the material. Several chemical or physical techniques can be used to fabricate nanocermets [11, [15] [16] [17] [18] [19] [20] [21] . In our previous studies [21] [22] [23] [24] , we showed that ion-beam sputtering can be used to get a significant control of the cluster morphology and spectral position of the SPR (1,1) and (1,0) modes of Ag : Si 3 N 4 and Ag : BN nanocermet thin films, these modes being excited for an incoming electric field oriented in the thin film plane or along its growth direction, respectively. Alternate deposition of the metal and of the dielectric species (dielectric/metal/dielectric trilayers) leads to the formation of metastable oblate clusters, whose height-to-diameter ratio (H/D < 1) can be adjusted by a proper choice of the amount of deposited metal (Ag), of the nature of the dielectric layers surrounding the clusters and of the duration of a delay before the deposition of the dielectric layer covering the clusters [21, 22] . The spectral position of the SPR (1,1) mode of these trilayers has been shown to red-shift sensitively in a large wavelength range (from 400 to 800 nm) when decreasing the height-to-diameter ratio of the clusters, in qualitative agreement with the predictions of the extended Maxwell-Garnett effective medium model [24] . In contrast, the co-deposition of silver and Si 3 N 4 leads to the formation of metastable prolate clusters (with H/D > 1), exhibiting a SPR (1,1) mode at a shorter wavelength than in the case of spherical clusters [24] . These results underline the necessity of controlling the growth kinetics of the metastable nanocermets in order to tailor their structure and therefore their optical response. Although some nice results concerning the control of the H/D ratio of prolate noble metal clusters and of the spectral position of the SPR modes can be found in the literature in the case of thin films grown by physical techniques [25] [26] [27] [28] , only a few results have been reported up to now concerning nanocermets elaborated by co-deposition of metal and dielectric species. The aim of this paper is therefore to go further into the control of the morphology of Ag clusters embedded within a BN matrix using a co-deposition process. For this purpose, the influence of the nature of a low energy assistance ion-beam bombarding the films during the growth has been studied, because it is expected to play a significant role in the growth kinetics of the nanocermets and should consequently influence the morphology of the metastable clusters. Post-irradiation with higher energy argon ions has also been performed, in order to induce a reshaping of the metastable prolate clusters towards a (spherical) stable shape.
Experimental details
BN/Ag : BN/BN nanocermets were grown at 473 K on fused silica and surface-oxidized silicon substrates by ion-beam sputtering in a Nordiko 3000 chamber. A primary 1200 eV argon-ion beam was used to sputter alternatively a pure BN target and a 'home-made' composite target consisting of a BN target on which a silver wire was fixed. The deposition times were adjusted in order to obtain a 2 nm thick BN buffer, an effective thickness t D = 30 nm for the dielectric material constituting the Ag : BN layer, and a 12 nm thick BN cap. A secondary 50 eV nitrogen-ion beam was used to bombard the BN films during the deposition of the buffer and the cap, in order to obtain the correct B : N stoichiometry by compensating for the N deficiency in the films. The effect of the assistance conditions has been studied by bombarding the Ag : BN films during the co-deposition process with a 50 eV nitrogen-ion beam (N-assisted sample) or a 50 eV nitrogen/argon-ion beam (N/Ar-assisted sample). To complete our study, the N-assisted sample was post-irradiated at room temperature and at normal incidence with 120 keV Ar + ions at a fluence of 5 × 10 15 ions cm −2 . For such an incident kinetic energy, the SRIM code [29] indicates an almost uniform damage profile throughout the films and consequently a relatively homogeneous irradiated volume. The code also indicates that the Ar + incident ion profile is centred inside the substrate; therefore the Ar + concentration is very low in the nanocermet itself.
Silver effective thickness t Ag in the as-grown N-assisted and N/Ar-assisted films were determined by x-ray fluorescence measurements from the Ag L α1 and Ag L β1 peaks area, assuming the density of silver to be equal to the bulk one. Values of 3.0 nm and 2.8 nm were obtained, respectively, suggesting that no significant silver re-sputtering occurs in the case of the N/Ar-assisted film. Silver volume fraction f Ag was determined using the relation f Ag = t Ag /(t Ag + t D ) leading to 9.2% in the case of the N-assisted sample and 8.5% for the N/Ar-assisted one. Let us note that f Ag remains lower than 10% in each case; the samples studied here should therefore contain diluted systems of clusters.
The morphology and organization of the clusters were studied by grazing incidence small angle x-ray scattering (GISAXS) measurements carried out at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) on beam-line D2AM. The energy of the incident photons was set to 8 keV while the beam size was ∼0.5 × 0.1 mm 2 . Good surface sensitivity was achieved by working under an angle of incidence α i slightly above the critical angle for total reflection (α c ≈ 0.3
• ), so that the penetration depth of the x-ray beam was of the order of the film thickness. The transmitted and specularly reflected beams were masked by a vertical beamstop and the scattered radiation was collected on a 2D CCD detector placed at 530 mm behind the sample. Before analysis, the scattering patterns were corrected for refraction, absorption and transmission effects [25] in the framework of the distortedwave Born approximation (DWBA) [30] .
The optical properties of the thin films were determined by optical transmittance measurements carried out at normal and oblique incidence with a polarized light, between 250 and 800 nm with a 10 nm monochromator step.
Results and discussion

Morphology and organization of the clusters
GISAXS patterns of the as-grown N-assisted and N/Ar-assisted samples and of the post-irradiated N-assisted sample are presented in figures 1(a), 2(a) and 3(a), respectively. Let us first note that, in the case of as-grown films, no intense scattering can be seen close to the origin of the reciprocal space, in contrast to the results obtained in the case of uncapped Ag : Si 3 N 4 and Ag:BN co-sputtered thin films studied in previous papers [23, 24, 31] . This intense scattering was related to the presence of large clusters supported by the co-sputtered films, which were formed by diffusion of silver atoms towards the surface. As can be seen here, this phenomenon can be avoided by depositing a dielectric cap onto the co-sputtered layer immediately after the end of the co-deposition process. GISAXS patterns of uncapped Ag : Si 3 N 4 and Ag : BN co-sputtered thin films also displayed intensity maxima for larger q values, which were attributed to x-ray scattering events by smaller clusters dispersed within the co-deposited layer. Such features can be seen here in the three GISAXS patterns, confirming the presence of nanoclusters inside the films. In the case of as-grown samples (figures 1(a) and 2(a)), one can observe an elliptic ring elongated in the q y direction, linked to the presence of spatially correlated spheroidal prolate clusters within the matrix [31, 32] , presenting strong vertical and horizontal correlation. This ring is flatter in the case of a N/Ar assistance (figure 2(a)) than in the case of a N assistance ( figure 1(a) ), suggesting that the former leads to the formation of more prolate clusters than the latter. The GISAXS pattern of the post-irradiated N-assisted sample ( figure 3(a) ) also displays an elliptic scattering ring, which is, however, less elongated along the q y direction than in the case of the as-grown samples, suggesting that the shape anisotropy of the clusters is reduced because of ion irradiation [32] .
Quantitative information about the morphology and inplane organization of the clusters has been obtained from an adjustment of simulated x-ray scattering profiles to the experimental ones along the two directions (close to the axis of the elliptic rings, one being parallel to q y and the other one to q z ) according to the method described in [25] . The simulations were performed in the framework of the local monodisperse approximation (LMA) [33] , assuming a lognormal size distribution for the nanoclusters, and using a spheroidal form factor to account for the cluster morphology. The organization of the clusters was assumed to be correctly described by a hard sphere structure factor [33] : the size of the 'spheroidal' hard spheres was supposed to be proportional to the size of the clusters with a filling factor C (>1), and the spatial disorder was represented by their volume fraction η. The fit parameters were the cluster in-plane diameter D, the half width at half maximum (HWHM) of the D distribution, the height-to-diameter ratio H/D, the hard sphere compacity η and the filling factor C. Since strong vertical and horizontal spatial correlation have been evidenced in the case of all samples, the values of η and C were assumed to be the same in the horizontal plane and in the growth direction. . These values are gathered in table 1, as well as the average in-plane intercluster distance xy , determined from the position q max of the maximum of the structure factor (calculated using η and C values [33] ), following the relation xy = 2π/q max .
In the case of the as-grown samples, quantitative analysis confirms the prolate shape of the clusters, which can be explained on the basis of thermodynamics and growth kinetics of the deposited films. In the present case, sputtered species coming from the targets towards the substrates present a low kinetic energy (in the 1-10 eV range). Growth is therefore dominated by diffusion processes of the deposited species at the surface of the film. During the early stages of the codeposited layer growth, surface diffusion and aggregation of silver atoms on the buffer layer lead to the formation of silver nuclei following a Volmer-Weber-like growth mechanism [1] . Then, because of the low value of the ratio between deposition rates of silver and dielectric material, the space between growing silver clusters is quickly filled with dielectric species. Consequently, silver atoms incoming onto the growing clusters are more likely trapped by their top face than by their lateral faces, leading to a columnar growth [25] . Let us note that trapping of deposited silver atoms (presenting a too low kinetic energy) at the surface of the dielectric material between columnar clusters is also possible and leads to the formation of new silver nuclei to the detriment of the columnar growth of already existing clusters. The efficiency of the columnar growth mechanism depends therefore on the fraction of deposited silver atoms trapped by the growing columnar clusters. Quantitative analysis of the GISAXS patterns also shows that the addition of argon ions to the nitrogen assistance beam leads to an increase in the height-to-diameter ratio and in-plane separation of the clusters, and to a narrowing of the diameter distribution. These results underline the crucial influence of the 50 eV assistance beam on the growth of the cosputtered Ag : BN layers: heavy species (such as argon) enables an enhancement of the energy transfer from the assistance beam to the growing layer surface [25] . Surface diffusion of deposited silver atoms is consequently increased. The capture of these atoms by the top face of growing columnar clusters is therefore facilitated to the detriment of the formation of new nuclei, leading to an increase in H/D and xy , as is effectively observed.
It can also be seen from table 1 that post-irradiation leads to an increase in the cluster size and in-plane inter-cluster separation, and to a decrease in the height-to-diameter ratio of the clusters. The energy of the post-irradiation Ar + ion beam (120 keV) being two orders of magnitude higher than the kinetic energy of species involved during the growth of as-prepared samples, volume rearrangements are more likely to occur than surface events. The increase in cluster diameter and in-plane separation induced by ion post-irradiation could therefore result either from silver atom volume diffusion or volume coalescence events induced by the energy transfer from incoming Ar + ions to the irradiated material. This energy transfer also allows a reshaping of the clusters, from a prolate and metastable shape to a quasi spherical shape, thus minimizing the free energy of the cluster/surrounding matrix system.
Optical properties
The optical transmittance spectra of the films recorded at normal and oblique incidence (70 • , P-polarized light) are presented in figure 4 . These spectra display absorption bands commonly associated with plasmon resonances within the clusters. According to the predictions of the extended Maxwell-Garnett effective medium model [23] , which is theoretically adequate for dilute tri-dimensional assemblies of nanoclusters such as the ones encountered in this study, the spectral position of the SPRs depend on the nature of the metal and of the matrix, and on the volume fraction and shape of the clusters. Since the silver volume fraction displays similar values in all the films under study, the evolution of the spectral positions of the absorption bands as a function of ion irradiation conditions can therefore be discussed as a shape effect.
At normal incidence ( figure 4(a) ), one can observe one absorption band due to the plasmon resonance mode of the clusters resulting from their excitation by an electric field perpendicular to the growth direction of the film ((1,1) mode) . While assistance conditions have no influence on the spectral position of this band, post-irradiation of the N-assisted sample (which induces a decrease of H/D from 1.8 to 1.1) leads to a strong shift of this band towards longer wavelength. This behaviour is in qualitative agreement with theoretical calculations assuming isolated clusters [8] , which show that the wavelength of the (1,1) mode of spheroidal clusters is a decreasing function of H/D with a horizontal asymptotic behaviour for high H/D values.
At oblique incidence and for a P-polarized light ( figure 4(b) ), an additional band appears at a longer wavelength than the one associated with the (1,1) mode in the case of asgrown films. This band is related to the plasmon resonance mode of the clusters resulting from their excitation by an electric field oriented along the growth direction of the film ((1,0) mode), and appears at a longer wavelength in the case of the N/Ar-assisted sample. These results are qualitatively consistent with theoretical calculations [8] which show that the (1,0) mode spectral position is an increasing function of H/D and that this mode is red-shifted from the (1,1) one in the case of prolate clusters. In the case of spherical clusters, both modes coincide, and only one band is expected at oblique incidence, as effectively observed for the post-irradiated sample containing quasi-spherical clusters. Let us however note that the broad band observed for this film might be the envelope of two bands located at wavelengths one close to another.
In order to go further into the study of the optical response of the present thin films, we investigated the possibility of calculating accurately the spectral position of their absorption bands, using an adequate model and structural data extracted from the GISAXS analysis. For this purpose, we considered each sample as a layered system using the following sequence: SiO 2 substrate/BN buffer/Ag : BN nanocomposite layer/BN cap. The optical properties of the substrate and of the BN layers were described by their dielectric functions (ε SiO2 = 2.25 and ε BN = 3.24), which were measured by spectroscopic ellipsometry. The optical properties of the anisotropic Ag : BN layer were described by a dielectric diagonal tensor whose components ε u were the dielectric functions of the material for an in-plane excitation (ε xy ) and for an excitation along the growth direction (ε z ). These dielectric functions were calculated using the extended Maxwell-Garnett model:
where the volume fraction f of silver was set to 9%, according to x-ray fluorescence results, the dielectric function ε i of the metal clusters was assumed to be the one of bulk silver [34] , and the values of the depolarization factors L xy and L z [35] were calculated from the H/D values determined by GISAXS. Figure 5 regroups the refractive indices n u and extinction coefficients k u of the nanocomposite layer calculated in the case of the Ar/N assisted sample, following the relation ε u = (n u +jk u ) 2 . The maximum of k xy , i.e. the (1,1) plasmon mode, is observed at 410 nm, close to the spectral position of the absorption band observed by transmittance measurements at normal incidence. A quite different behaviour is evidenced for the (1,0) plasmon mode, corresponding to the maximum of k z located at 690 nm, i.e. at a significantly longer wavelength than the second band revealed by transmittance measurements at oblique incidence with a P polarized light, which is located at 560 nm. This striking difference, also observed by Atkinson et al in the case of Au nanorods embedded in Al 2 O 3 [26] , has • ) with a P-polarized light. An anisotropic multilayer model was used, the dielectric tensor of the nanocomposite layer being described by the extended Maxwell-Garnett model. The dielectric function used for silver was the bulk one. two origins. On the one hand, optical transmittance depends on absorption but also refraction effects. On the other hand, the optical properties of the present anisotropic medium at oblique incidence do not result from a simple linear combination of the Figure 7 . Calculated optical transmittance spectra of as-grown N/Ar-assisted film at oblique incidence (70
• ) with a P-polarized light, using a modified silver dielectric function in order to take into account finite size effects of the optical properties of the clusters. The collision frequency in the modified dielectric function was calculated by adding a Av F /R term to the bulk value, A being an adjustable parameter ranging from 0 (bulk properties for Ag) to 1. dielectric functions corresponding respectively to an excitation in the horizontal plane and along the growth direction of the film [26] , the extraordinary index surface displaying a spheroidal shape in the present case [36] . For these reasons, the second band appearing at oblique incidence is not exactly the '(1,0) plasmon absorption band', even if its existence is linked to the excitation of the (1,0) plasmon mode. This mode, even if excited, is optically inactive, in the sense that no extinction band can be observed at 690 nm.
For these reasons, the prediction of the spectral position of both absorption bands requires the calculation of the transmittance of the layered system. The optical transmittance at normal and oblique incidence (70
• ) with a P-polarized light were calculated for each system, taking into account light propagation within the layers, reflexion and refraction effects at interfaces. The spectral positions of the absorption bands observed in the simulated spectra-presented in figure 6 -are in good agreement with the experimental results.
The spectral position of the bands observed in the transmittance spectra of the thin films under study are linked to the shape of the nanoclusters, as determined by GISAXS. As mentioned by Atkinson et al [26] , the extraction of quantitative morphological data from optical transmittance spectra however requires to describe correctly the anisotropic behaviour of the nanocomposite material, which is to our knowledge not always the case in the literature.
Strong discrepancies are however evidenced concerning bandwidths and amplitudes, probably because the model used here does not take into account the influence of the nanometric finite size of the clusters on silver dielectric function. A simple way to estimate the influence of this size effect consists of correcting the collision frequency of conduction electrons in the metal, that is increased because of interactions with the surface of the cluster [8] . The correcting term follows a Av F /R law, where R is the effective radius of the cluster, v F the Fermi velocity of silver and A an adjustable parameter, which reflects the intensity of size effects and depends on the nature of the cluster/matrix interface. Such size effects are known to induce an attenuation and a spectral broadening of the plasmon absorption bands and to have no effect on their spectral position [8] , as is observed in figure 7 in the case of the N/Ar assisted sample.
Conclusions
The co-sputtering of silver and BN leads to the formation of metastable prolate spheroidal silver nanoclusters (height to diameter ratio H/D > 1) following a columnar growth mechanism, that can be more or less efficient depending on the diffusion of silver atoms at the surface of the growing film. Surface diffusion processes can be enhanced by improving the energy transfer from the 50 eV ion assistance beam to surface silver atoms. For example, adding heavier ions to the assistance beam increases surface diffusion processes and leads to the formation of clusters with a higher H/D ratio. H/D has been varied from 1.8 to 2.1 as a function of assistance conditions. A lower H/D value of 1.1 has been obtained after post-irradiation of as-prepared samples with a 120 keV Ar + ion beam, the decrease in H/D resulting from a silver volume diffusion-induced reshaping of the clusters from a metastable prolate shape to a stable spherical shape.
The optical transmittance spectra of these films at normal incidence display one absorption band, due to the excitation of the (1,1) plasmon mode of the clusters. In the case of asgrown films, an additional band appears at oblique incidence for a P-polarized light, as a consequence of the excitation of the (1,1) and (1,0) plasmon modes, which appear at different wavelengths for anisotropic clusters. No second band can be clearly evidenced in the case of the post-irradiated sample, containing quasi-spherical clusters, for which the (1,1) and the (1,0) modes occur nearly at the same wavelength. The spectral position of the absorption bands of these films (tuned in the 400-600 nm range) are in good agreement with the calculations of optical transmittance considering the nanocomposite layer as a uniaxially anisotropic medium which dielectric tensor is described by an anisotropic Maxwell-Garnett model. These results moreover show that a proper description of anisotropy is mandatory for extracting quantitative information concerning cluster shape from optical transmittance spectra at oblique incidence.
